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(57) ABSTRACT 

A device for utilizing an optical infrared emitter/detector to 
sense substances of interest is provided. The infrared 
emitter/detector comprises a single crystal semiconductor, 
photonic band gap structure Which functions both as an 
infrared emitter, a narrow-band ?lter, and as a broad-band 
infrared bolometer detector to exert Wavelength control 
directly on the active element emitter/detector surface using 
the periodic symmetry of the photonic band gap structure to 
produce narroW Wavelength “forbidden” optical transmis 
sion bands or modes to sense the presence of a speci?ed 
substance in the environment. A system and method for 
sensing speci?c substances using the optical infrared 
emitter/detector of this invention in a sensor device is also 
provided. Finally, a method of manufacturing the infrared 
emitter/detectors of the present invention is also provided. 

37 Claims, 13 Drawing Sheets 
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MICROMACHINED TUNED-BAND HOT 
BOLOMETER EMITTER 

CROSS-REFERENCE TO RELATED 

APPLICATION(S) 
This application is based on US. Application No. 60/178, 

651, ?led Jan. 28, 2000, the disclosure of Which is incor 
porated by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

The US. Government has certain rights in this invention 
pursuant to grant No. DMI-9860975, aWarded by the 
National Science Foundation; Advanced Technology Pro 
gram contract No. ATP-99-01-2051, aWarded by the 
National Institute of Science and Technology; and sponsor 
ship by the National Aeronautics and Space Administration 
under grant No. NAS 7-1407, Of?ce of Space Science. 

FIELD OF THE INVENTION 

The present invention is directed to an micromachined 
infrared absorption emitter/sensor for detecting the presence 
of speci?c chemical and/or biological species. 

BACKGROUND OF THE INVENTION 

This invention relates in general to micromachined infra 
red emitter sensors or a “sensor-on-a-chip” and in particular 
to micromachined infrared emitter/bolometer sensors for 
detecting and discriminating the presence of speci?c 
biological, chemical, etc. substances comprising a heated 
bolometer integrated circuit element as a source of infrared 
emission, a ?lter for controlling the Wavelength of emitted 
light and a detector of the absorption of the emitted light by 
a substance interacting With the emitted light. 

There is a very serious demand and need for loW-cost, 
mass market gas and chemical sensors, such as, for example, 
indoor natural gas, radon and carbon monoxide (CO) sen 
sors. In the United States alone nearly 300 people die and 
thousands are injured from unintentional carbon monoxide 
poisoning every year. Such mass market sensors must be 
both hardy and sensitive. For example, CO concentrations of 
only 50 ppm can produce symptoms of carbon monoxide 
poisoning over a period of time While CO concentrations of 
2000 to 2500 ppm Will produce unconsciousness in about 30 
minutes and higher CO concentrations can kill. As a 
comparison, typical gasoline-poWered auto exhaust contains 
anyWhere betWeen 300 to 500 ppm concentrations of CO. 
The need for natural gas sensors, meanWhile, Was high 
lighted most recently in the devastating ?res that folloWed 
earthquakes in Northridge, Calif. and Kobe, Japan leading to 
a call for natural gas distribution systems to incorporate 
sensors in combination With automatic shut-off valves. 

Currently the market for small, loW-cost CO sensors is 
served by either catalytic or electrochemical sensors. Cata 
lytic sensors use optical measurements to observe chemical, 
enZyme or bioengineered coatings that react, very 
speci?cally, to a substance of interest such as, for example, 
carbon monoxide. Despite the sensitivity and speci?city of 
these detectors, inherent limitations reduce their utility in a 
mass market. For example, the catalytic element on these 
sensors requires periodic replacement, raising use cost and 
increasing the likelihood that the sensor Will fail as a result 
of poor maintenance or high levels of contaminants. 

Electrochemical sensors measure a change in output volt 
age of the sensing element due to interaction of the species 
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2 
of interest on the sensing element. While these electrochemi 
cal sensors are inexpensive and very sensitive, they are also 
historically subject to interference and false alarms due to 
chemical species other than that sought interacting With the 
sensing element. In addition, these sensors respond sloWly 
and the response is not alWays reversible. Indeed, exposures 
to high concentrations of the species of interest can result in 
a permanent shift of the Zero-point requiring a re-calibration 
of the unit. Furthermore, temperature and humidity changes 
frequently cause drift and false readings, and outgassing 
from the plastic and cardboard in Which the detectors are 
packaged can also contaminate the sensors prior to actual 
sale to the consumer. Moreover, in many of these devices the 
detector element must be heated, and current consumer 
models require about 5 Watts of continuous poWer. Although 
the cost of such usage per annum is loW, these sensors’ 
reliance on a steady source of poWer results in sensor failure 
if there is a poWer outage, When the sensor may be needed 
the most. 

Despite these limitations, over 20 million American 
homes have installed CO monitors utiliZing either a catalytic 
or electrochemical sensor. HoWever, recently, a number of 
articles have appeared pointing out that a very high percent 
age of alarms triggered by available CO sensors are false 
alarms and that a very high percentage of sensors don’t set 
off alarms When appropriate. See, e.g., “Home Alarms for 
Carbon Monoxide Recalled”, Washington Post, Mar. 19, 
1999; “ULC Investigation Indicates Failures of Certain 
Lifesaver and NighthaWk CO Detectors”, Canada 
Newswire, wwwnewswire.ca/releases/Mar. 19, 1999/ 
c5815.html; “AmeriGas ?ned, must give free carbon mon 
oxide detectors,” Manchester Union Leader, Apr. 9, 
1999; “False Alarms”, Forbes Magazine, Jan. 13, 1997; 
“Carbon Monoxide Alarms Recalled”, USA Today, Mar. 19, 
1999. The Gas Research Institute estimates that more than 
80% of emergency calls triggered by CO sensors are false 
alarms and as many as 20% of the CO sensors sold in 1999 
Were recalled as defective. 

One avenue of sensor development currently being inves 
tigated uses diode lasers for optical detection techniques. 
While this technique is again highly sensitive and less 
subject to contamination and false alarms than catalytic or 
electrochemical sensors, the units presently cost too much 
for home installation. In addition, because they depend on 
physical band-gaps, diode lasers can only be tuned With 
dif?culty over a very narroW range. Moreover, there are no 
uncooled diode lasers and only loW ef?ciency, loW output 
(~5 MW), expensive (~$450) LEDs available at the Wave 
lengths (~2—6 am) for gas sensing. 

Another detector technology currently under study uti 
liZes infrared spectroscopy to detect species of interest. 
Many haZardous and pollutant gases (e.g., volatile organic 
compounds, carbon dioxide, nitrogen oxides, and sulfur 
dioxide) have unique infrared absorption signatures in the 2 
to 12 am region of the infrared. In general, infrared absorp 
tion is a function of the Wavelength, gas concentration, 
temperature and pressure such that if the concentration of 
the species of interest is loW enough to be considered dilute, 
then the absorption is directly proportional to the concen 
tration. In addition, by observing a reference Wavelength 
corrections can be easily made for contaminants, such as, for 
example, dust. While sensors designed to take advantage of 
the sensitivity and resolution of infrared spectroscopy are 
Well-knoWn in the art and are frequently used for industrial 
application, such as, for example, automotive exhaust, 
refrigerants and glucose monitors, the siZe and complexity 
of the infrared sensor unit has precluded their use in the 
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mass-market. Conventional infrared gas and chemical sen 
sors are expensive, high performance units consisting of a 
cabinet full of discrete components. For example, one type 
of conventional infrared sensor employs a multi-component 
design. In this design an infrared light source, usually a 
blackbody emitter, such as, for example, a Nernst gloW bar 
or tungsten ?lament modulated by a mechanical chopper, 
serves as a source of infrared radiation. The radiation is 
directed through a sample compartment containing the 
sample gas or liquid to be measured or tested and then the 
radiation is directed to a separated monochromator and 
infrared detector and ampli?er. The radiation is analyZed as 
intensity vs. Wavelength, either by a spectrometer or by 
detectors With narroW-band interference ?lters. Much of the 
bulk and cost of these conventional infrared instruments is 
designed to maintain optical alignment in the face of varying 
ambient conditions and in spite of the expense and effort 
these instruments frequently require re-calibration and/or 
realignment. 

Recently, photonic band gap structures, such as periodic 
dielectric arrays, have received much attention as optical and 
infrared ?lters With controllable narroW-band infrared absor 
bance. These photonic structures have been developed as 
transmission/re?ection ?lters, loW-loss light-bending 
Waveguides, and for inhibiting spontaneous emission of 
light in semiconductors Which could lead to Zero-threshold 
diode lasers. In principle these photonic band gap structures 
operate as folloWs: electromagnetic Waves With Wavelength 
on the order of the period of the dielectric array propagate 
through this structure, the light interacts in a manner analo 
gous to that for electrons in a periodic symmetric array of 
atoms. Thus the structure exhibits allowed and forbidden 
extended states, a reciprocal lattice, Brillouin Zones, Bloch 
Wavefunctions, etc. Recently these structures have even 
been used to create narroW-band infrared radiators. Emis 
sivity of these metal ?laments is controlled by creating 
random surface texture (sub-micron scale rods and cones) 
Which modi?es the surface absorption spectrum. Incoming 
light of Wavelengths that are small compared to the feature 
siZes are scattered from the surface, producing high 
emissivity, Whereas light of Wavelengths that are long com 
pared to the feature siZes are not scattered, producing loW 
emissivity. Accordingly, by controlling the average feature 
siZe at the surface of these photonic bandgap structures, the 
Wavelength of the emitted light can be controlled. One such 
infrared radiator is manufactured and distributed by IonOp 
tics under the name pulsIR®. The pulsIR® infrared emitter 
utiliZes an ion beam etched-randomly textured surface struc 
ture Which shoWs increased optical adsorption over a de?ned 
Wavelength range and also shoWs preferential emission over 
the same Waveband When heated. The emitted infrared 
spectrum is essentially a modi?ed black-body spectrum and 
provides far more infrared signal for a ?xed poWer input 
Within a narroW infrared band than standard black-body 
lamps. 

Despite the promise that photonic band gap structures 
exhibit in terms of siZe and stability, most researchers have 
only utiliZed them as tuned absorbers or ?lters and not as 
emitters. Accordingly, signi?cant limitations exist in the 
quantum ef?ciency and output poWer of currently available 
photonic band gap emitters Which emit in a Wavelength band 
typically of AM7~~0.5, limiting their feasibility for use in 
portable battery operated systems. Additionally, the photo 
nic bandgap emitters currently produced require a separate 
infrared emitter, detector, Wavelength ?lter and optics to 
make spectroscopic measurements, driving up the cost and 
complexity of the resulting infrared sensor system. 
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4 
Accordingly, a need exists both for a loW-cost mass 

market sensor system capable of accurately and sensitively 
detecting and discriminating the presence of speci?ed sub 
stances in the environment and for an improved infrared 
sensor capable of meeting the demands of the mass market. 

SUMMARY OF THE INVENTION 

The present invention is directed to a device and system 
for utiliZing an optical infrared emitter/detector to sensi 
tively sense substances of interest. This invention utiliZes a 
photonic bandgap structure Which functions both as an 
infrared emitter, a narroW-band ?lter, and as a broad-band 
infrared bolometer detector to sense the presence of a 
speci?ed substance in the environment. This invention also 
uses the photonic band gap structure to exert Wavelength 
control directly on the active element emitter/detector sur 
face using the periodic symmetry of the photonic band gap 
structure to produce narroW Wavelength “forbidden” optical 
transmission bands or modes. This invention is also directed 
to systems for integrating the optical infrared emitter/ 
detector of this invention into a device for sensing speci?c 
substances. This invention is also directed to novel methods 
for detecting a Wide range of substances using the infrared 
emitter/detector of the invention. This invention is also 
directed to a method of manufacturing the infrared emitter/ 
detectors of the present invention. 

In one embodiment, the optical infrared emitter/detector 
of the present invention is incorporated into an infrared 
sensor comprising a thermally isolated version of the 
narroW-band emitter/bolometer detector of the current 
invention and a re?ector. The narroW-band emitter/ 
bolometer detector is designed to emit a narroW-band of 
infrared light and detect a change in the temperature of the 
infrared light re?ected back onto the emitter/detector by the 
re?ector. The emitter/detector is placed in line-of-sight With 
the re?ector such that the intervening space betWeen the 
emitter/detector and re?ector comprises the optical cell. The 
emitter/detector then projects a beam of infrared light across 
the optical cell to the re?ector, the re?ector then sends the 
light back toWard the emitter/detector. In the absence of any 
absorption in the optical cell by the species of interest, the 
?lament and optics quickly reach a thermal equilibrium. 
Absorbing gas in the optical cell Will reduce the re?ected 
optical poWer returning to the element and it Will reach 
equilibrium With its surroundings at a slightly loWer tem 
perature. This change in the equilibrium temperature is 
detected as a change in the resistance of the emitter/detector 
bolometer. The emitter/detector is modi?ed such that it emits 
infrared light in a narroW Wavelength band in the spectral 
region in Which the substance of interest absorbs. 

In such a sensor system, the emitter/detector comprises a 
substrate having a thin, non-random, periodic array of 
etched metal (or photonic band gap (PBG) structure) atop 
the emitting surface of the substrate Wafer such that the 
Wavelength of emitted light from the emitter surface is 
proportional to the spacing of the geometric patterns of the 
non-random periodic array of etched metal on the substrate’s 
surface. The substrate Wafer is preferably made of a material 
having a high temperature coef?cient of resistance such that 
a small change in equilibrium temperature results in a 
disproportionately large shift in substrate resistance. 

In a preferred embodiment, the substrate is made of a 
semiconductor such as, for example, silicon and the periodic 
array is preferably made of a conducting metal such as gold. 
In this embodiment the silicon can be further doped to adjust 
the ?nal device resistance and therefore the required drive 
current and battery life. 
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In another preferred embodiment, the substrate is made of 
single crystal semiconductor having a resistance that has an 
exponential dependence on the temperature of the ?lament 
such as, for example, silicon. Utilizing such a material, 
alloWs for far more sensitive bolometric detection than a 
similar detector based on metals, Which generally exhibit a 
linear dependence of resistance With temperature. 

In another preferred embodiment, the siZe, shape and 
pattern of the photonic band gap structure etched on the 
substrate Wafer is adapted such that the absorbance of the 
sensor is enhanced in a narroW-band Wavelength corre 
sponding to the absorption Wavelength for a species of 
interest, such as, for example, CO at a Wavelength betWeen 
4.65 and 3.9 pm. 

In yet another preferred embodiment, the infrared sensor 
of the present invention further comprises a re?ective optic 
adapted such that infrared light emitted from the emitter/ 
detector is collimated into a concentrated beam of light prior 
to entering the optical cell and infrared light re?ected back 
into the emitter/detector from the re?ector is refocused prior 
to reaching the emitter/detector. In this embodiment a pre 
ferred re?ective optic is a compound parabolic concentrator. 

In yet another preferred embodiment the infrared sensor 
system of the present invention comprises an emitter/ 
detector in signal communication With an monitoring device 
such that When the emitter/detector detects the presence of 
the species of interest a signal is sent to the monitoring 
device, such as, for example, a programmable chip in signal 
communication With an audible alarm. 

In still yet another embodiment, the invention is directed 
to a system for the detection of substances comprising 
multiple emitter/detectors as described above, adapted to 
either detect the same or different species of interest each of 
Which is in signal communication With at least one moni 
toring device as described above. 

In still yet another additional embodiment, the invention 
is directed to a method for detecting and discriminating a 
substance in contact With the infrared sensor. The method 
comprises analyZing the air in an environment using a 
infrared sensor as described above. 

In still yet another additional embodiment, the invention 
is directed to a method for manufacturing the infrared sensor 
as described above. The method comprising manufacturing 
the emitter/sensor using conventional microelectromechani 
cal (MEMS) manufacturing techniques, such as, for 
example, electron beam lithography techniques. 

In still yet another embodiment, the invention is directed 
to a method for manufacturing the infrared sensor as 
described above. The method involves the use of silicon 
on-insulator (SOI) or silicon-oxide-silicon (SOS) substrates, 
Whereby single crystal silicon ?lms are used to produce the 
high sensitivity detectors. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features and advantages of the present 
invention Will be better understood by reference to the 
folloWing detailed description When considered in conjunc 
tion With the accompanying draWings Wherein: 

FIG. 1a is a schematic vieW of an embodiment of the 
emitter/detector according to the invention. 

FIG. 1b is a cross-sectional vieW of an embodiment of the 
emitter/detector according to the invention. 

FIG. 1c is a cross-sectional vieW of an embodiment of the 
emitter/detector according to the invention. 

FIG. 2a is a schematic vieW comparing an embodiment of 
emitter/detector With and Without the photonic band gap 

10 

15 

25 

35 

40 

45 

55 

65 

6 
structure according to the invention and corresponding com 
parative test data. 

FIG. 2b is a schematic vieW comparing an embodiment of 
emitter/detector With and Without the photonic band gap 
structure according to the invention and corresponding com 
parative test data. 

FIG. 3 is a comparative graphical representation of the 
infrared emission and detection properties of tWo embodi 
ments of the present invention. 

FIG. 4 is a comparative graphical representation of the 
infrared emission and detection properties of the present 
invention. 

FIG. 5a is a comparative graphical representation of the 
infrared emission and detection properties of the present 
invention. 

FIG. 5b is a comparative graphical representation of the 
infrared emission and detection properties of the present 
invention. 

FIG. 6a is a comparative graphical representation of the 
infrared emission and detection properties of the present 
invention. 

FIG. 6b is a comparative graphical representation of the 
infrared emission and detection properties of the present 
invention. 

FIG. 6c is a comparative graphical representation of the 
infrared emission and detection properties of the present 
invention. 

FIG. 7 is a comparative graphical representation of the 
infrared emission and detection properties of the present 
invention. 

FIG. 8a is a cross-sectional of one step of the manufac 
turing process for the infrared sensor according to the 
invention. 

FIG. 8b is a cross-sectional and top vieW of one step of the 
manufacturing process for the infrared sensor according to 
the invention. 

FIG. 8c is a cross-sectional and top vieW of one step of the 
manufacturing process for the infrared sensor according to 
the invention. 

FIG. 8a' is a cross-sectional and top vieW of one step of the 
manufacturing process for the infrared sensor according to 
the invention. 

FIG. 86 is a cross-sectional and top vieW of one step of the 
manufacturing process for the infrared sensor according to 
the invention. 

FIG. 8f is a cross-sectional and top vieW of one step of the 
manufacturing process for the infrared sensor according to 
the invention. 

FIG. 9 is a schematic vieW of an embodiment of the 
infrared sensor according to the invention. 

FIG. 10 is a schematic vieW of an embodiment of the 
infrared sensor system according to the invention. 

FIG. 11 is a graphical representation of the infrared 
emission and detection properties of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention is directed to a sensor engine 
comprising a micromachined infrared emitter bolometer 
detector for detecting and discriminating species in an 
environment. In one embodiment, as shoWn in FIGS. 1a to 
la, the “sensor engine” or micromachined infrared emitter 
bolometer detector 10 comprises a substrate 12, a microma 
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chined heated ?lament infrared emitter source/bolometer 
detector element fabricated in a single-crystal semiconduc 
tor ?lm 14, an insulator 16 aligned betWeen the substrate 12 
and the emitter/detector element 14 to provide electrical 
isolation, a bus bar 18 in electrical communication With a 
poWer source (not shoWn) and a pair of contacts 20 in 
electrical communication With the emitter/detector element 
14 to provide poWer to the emitter/detector element 14. The 
insulator 16 can be made of any substance capable of 
electrically isolating the substrate 12 from the emitter/ 
detector element 14, such as, for example an insulating 
oxide. The bus bar 18 and contact points 20 can be made of 
any suitable conductor such that poWer is transmitted from 
the poWer source to the emitter/detector element 14, such as, 
for example, copper, aluminum or gold. 

The emitter/detector element 14 comprises a microma 
chined periodic dielectric array 22 comprising an ordered 
repeating pattern of dielectric array features 24 arranged on 
the single-crystal semiconductor surface of the emitter/ 
detector element 14. In the embodiment shoWn in FIGS. 1a 
to la, the periodic dielectric array 22 comprises a series of 
micromachined long thin ?laments 24 attached to the bus 
bar 18 in series via the contacts 20. The emitter/detector 
element 14 can be made of any material suitable for resistive 
heating, such as, for example, metalliZed single-crystal 
silicon substrate. In turn, any suitable conducting metal can 
be used to metalliZe the surface of the emitter/detector 
element 14, such as, for example, gold, aluminum or tita 
nium. In operation, poWer is supplied to the emitter/detector 
element 14 via contact points 20 betWeen the bus bar 18 and 
the emitter/detector element 14. The application of poWer to 
the emitter/detector element 14 causes the resistive emitter/ 
detector element 14 to heat up producing an infrared emis 
sion 26 having a narroW-band Wavelength corresponding to 
the absorption Wavelength of the species of interest. This 
narroW-band infrared emission 26 is then projected across an 
optical path (not shoWn) containing the sample gas, is 
re?ected back onto the emitter/detector element 14 by a 
re?ector (not shoWn) and impinges on the emitter/detector 
element 14. In the absence of species that absorb in the 
Wavelength of the emission radiation 26 the emitter/detector 
element 14 reaches a thermal equilibrium With the infrared 
emission 26. HoWever, the presence of absorbing gas in the 
optical cell Will reduce the re?ected optical poWer of the 
infrared emission 26 returning to the emitter/detector ele 
ment 14 and the temperature of the emitter/detector element 
14 Will be proportionately reduced. The change in tempera 
ture of a conductor emitter/detector element 14 upon exter 
nal absorption of the infrared emission 22 can be measure by 
measuring the change in resistance of the emitter/detector 
element 14 across the bus bar 18, the change in resistance 
per degree change in temperature being determined by the 
materials temperature coef?cient of resistance (TCR). Thus, 
any substrate having a suitably high TCR, in Which the 
change in resistance is large compared to the temperature 
change, may be utiliZed to create the emitter/detector ele 
ment 14 of the current invention, such as, for example, a 
semiconductor substrate such as a Wafer of very high 
crystalline quality silicon or a silicon-on-insulator (SOI) or 
silicon-oxide-silicon (SOS) Wafer. As a comparison, a stan 
dard conductive titanium ?lament heated to 900K has a 
resistivity of 160 Q-cm and a TCR of 0.0612 Q-cm/K 
according to the equation: 

R=RU[1+OL(T—TD)] (1) 

Where R is the resistance of the emitter/detector element 14 
at temperature T, 60 is the temperature coef?cient of resis 
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8 
tance and R0 is the resistance of the emitter/detector element 
14 at temperature T0 or 20° C. As such, a 1% change in 
temperature of the ?lament results in a 0.3% change in the 
resistance of the ?lament. In contrast, the resistivity of a 
semiconducting material changes exponentially With the 
temperature, thus a ?lament fabricated from single crystal 
silicon exhibits a 25x larger relative change in resistance. 

It Will be understood that the design of the periodic 
dielectric array 22 of a particular emitter/detector element 14 
according to the present invention is necessarily driven by 
the species of interest, as the Wavelength and lineWidth of 
the emission radiation 26 sensitively depend on the geo 
metrical siZe, shape and spacing of the dielectric array 
features 24. The emitter/detector element 14 has tWo char 
acteristic siZes: (1) the surface texture feature siZe (0.1—2 
mm) Which determines the emission Wavelength and band 
Width and (2) the ?lament linear dimensions Which are on 
the order of ~0.1—10 mm. Using an iterative process, the 
micron-scale dielectric array features 24 can be optimiZed to 
tune the emission Wavelength, then select operating 
temperature, resistance and mechanical properties to opti 
miZe operation. Accordingly, although the dielectric array 
features 24 of the embodiment shoWn in FIGS. 1a to la 
comprise a plurality of thin strips 24, it should be understood 
that any shape, siZe or spacing of periodic dielectric array 
features 24 can be utiliZed in the emitter/detector element 14 
of the current invention such that the Wavelength and 
lineWidth of the emission radiation 26 generated by the 
emitter/detector element 14 is suitable for use as a spectro 
scopic source for the species of interest. For example, in one 
embodiment the dielectric array features may be crosses, 
squares, circles, pyramids, or rectangles, as desired. 
The emission source of the emitter/detector element 14 is 

the arti?cially engineered periodic dielectric array 22 in 
Which the propagation of the electromagnetic radiation 26 is 
governed by band structure-like dispersion. The periodic 
dielectric array 22 exerts control over the Wavelength and 
lineWidth of the emission radiation 26 in a manner analo 
gous to that for electrons in a periodic symmetry of atoms, 
i.e., the periodic dielectric arrays 22 exhibit “alloWed” and 
“forbidden” extended states, reciprocal lattice, Brillouin 
Zones, Bloch Wavefunctions, etc. When emission radiation 
26 With Wavelength on the order of the period of the periodic 
dielectric array 22 propagate through the emitter/detector 
14, the light interacts With the periodic dielectric array 
features 24 and the resulting emission radiation 26 is gov 
erned by band structure-like dispersion. Accordingly, for 
Wavelengths small compared to feature siZes, the surface 
scatters incoming light and has high emissivity (>80%), 
While for Wavelengths long compared to the feature siZes, 
the surface has loW emissivity, characteristic of a ?at metal 

(<0.1). 
FIGS. 2a and 2b illustrate the spectral control of the 

lineWidth of the emission radiation 26 attainable by manipu 
lating the structure, and dimensions of the periodic dielectric 
array 22 of the emitter/detector element 14. Schematic vieWs 
of tWo emitter/detector elements 14a and 14b having peri 
odic dielectric arrays 22a and 22b comprising inductive 24a 
and capacitive 24b cross-shaped dielectric array features are 
shoWn. Emission spectrum of the bare substrates 12 of the 
tWo emitter/detectors 14a and 14b, as described by the 
Planck function (top line of plots), and the absorption 
spectrum of the emission radiation 26 as modulated by the 
tWo cross-shaped periodic dielectric arrays 22a and 22b 
(bottom line of plots) are also provided. As shoWn, the 
Wavelength of the emitted infrared emission radiation 26 
produced by the emitter/detector element 14a and 14b is 
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narrowed signi?cantly With the addition of the periodic 
dielectric arrays 22a and 22b. This narroWing of the lin 
eWidth of the emission radiation 22 is important because the 
sensitivity and noise rejection of the emitter/detector ele 
ment 14 depends on the lineWidth of the infrared emission 
26, i.e., the ratio betWeen the in-band signal strength to the 
overall thermal budget of the emitter/detector element 14 
(AK/7»), peak absorption Wavelength and spectral purity 
(lineWidth) correlate With the periodic dielectric array fea 
ture 24 siZe and spacing as Well as surface conductivity. By 
manipulating the periodic dielectric array 22 of the current 
invention, emitter/detector elements 14 can be produced 
having emission radiation 26 lineWidths as loW as M/7»~0.1 
pm. 

The Wavelength of the emission radiation can also be 
controlled by manipulating the siZe, shape and spacing of the 
dielectric array features 24 of the periodic dielectric arrays 
22 of the emitter/detector elements 14 of the current inven 
tion. The variability of the Wavelength of the emission 
radiation 26 With dielectric array feature 24 siZe and spacing 
is illustrated in FIGS. 3 to 5a and 5b. In FIG. 3, the emission 
spectra from tWo emitter/detector elements 14a and 14b 
having periodic dielectric arrays 22a and 22b comprising 
tWo different cross-shaped dielectric array features 24a and 
24b are shoWn. The top curve of the emission spectrum is 
obtained from periodic dielectric array 22a having dipole 
cross dielectric array features 24a With dimensions of 5.7 pm 
Wide on 9.5 pm centers With 1.4 pm line Widths. The bottom 
curve of the emission spectrum is obtained from periodic 
dielectric array 22b having dipole cross dielectric array 
elements 24b With dimensions of 6.0 pm Wide on 7.1 pm 
centers With 2.2 pm line Widths. As shoWn, While both 
emitter/detector elements 14a and 14b shoWn enhanced 
absorbance near 11 pm, there is a shift in the peak intensity 
of ~0.3 pm With a lineWidth of betWeen ~0.126 and 0.151 
pm. Thus, this comparative spectrum indicates that the 
Wavelength of the emitted light can be tuned based simply 
on the siZe and spacing of the dielectric array features 24 
present on the emitter/detector element 14. 

FIGS. 4, 5a and 5b present additional spectra shoWing the 
tunability of the emission radiation 26 Wavelength for siZes 
and spacings of dipole crosses dielectric array features 24 
having dimensions as listed in Table 1, beloW. 

TABLE 1 

Cross Dipole Dielectric Array Features 

center-to-center 

Pattern # cross length (,um) line Width (,um) spacing (pm) 

1 4.0 1.7 5.0 
2 5.0 1.9 6.0 
3 6.0 2.2 7.1 
4 3.8 1.0 6.4 
5 4.8 1.2 8.0 

FIG. 4 shoWs ?ve spectra from thermal emittance measure 
ments taken at 500° C. for aluminum-coated n' silicon 
emitter/detectors 10. As shoWn in FIG. 4, and summarized 
in FIGS. 5a and 5b, altering the center-to-center spacing and 
leg Width results in a systematic shift in the peak emission 
Wavelength. Accordingly, the speci?c Wavelength and line 
Width of the narroW-band emission radiation 26 of an 
emitter/detector element 14 can be controlled by designing 
sub-micron scale dielectric array features 24. 

While the previous examples have shoWn that the lin 
eWidth and Wavelength of the emission radiation 26 can be 
controlled by varying the siZe and spacing of cross-shaped 
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10 
dielectric array features 24, FIGS. 6a to 6c demonstrate that 
the Wavelength and lineWidth of emission radiation 26 can 
also be controlled by utiliZing differently shaped dielectric 
array features 24. The three emitter/detector elements 14, 
shoWn schematically, are etched in a 500 nm gold layer 
deposited on a silicon substrate. The square hole dielectric 
array features 24 are etched 5 pm deep having 2.0, 2.94 and 
4.0 pm lattice spacing respectively. Emittance measure 
ments Were taken at room temperature and shoW peak 
intensities at 2.85, 3.24 and 4.04 pm respectively. This is in 
contrast to the peak intensities found for dipole cross shaped 
dielectric array features Which lie betWeen ~5 to 8 pm. Thus, 
FIGS. 6a to 6c illustrate that varying the shape of the 
dielectric array feature 24 can also alter the properties of the 
emission radiation 26. Although the previous examples have 
shoWn the effect of varying the siZe and spacing of dipole 
cross and square hole dielectric array features 24, it should 
be understood that any siZe, shape and spacing of dielectric 
array feature 24 can be utiliZed to provide an emission 
radiation 26 useful for spectroscopic measurement. 
Moreover, although the previous eXamples have all utiliZed 
a single uniformity shaped dielectric array feature 24, a 
mixture of differently shaped and siZed features could be 
utiliZed in a single periodic dielectric array 22. 

Determination of an appropriate shape, siZe and spacing 
of dielectric array features 24 for a speci?c emitter/detector 
element 14 can be determined via any traditional theoretical 

electrodynamic calculation method, such as, for eXample the 
Transfer Matrix Method (TMM). TMM calculates the trans 
mission and re?ection of electromagnetic Waves incident on 
a ?nite thickness slab of periodic band gap material that is 
periodic in the other tWo dimensions. MaXWell’s equations 
are integrated to relate the incident ?elds on the slab With the 
outgoing ?elds. The calculation is repeated for different 
frequencies, to obtain the entire frequency-dependent 
response. The transmission and re?ection from metal pat 
terns on silicon or etched silicon structures can be calculated 

With the TMM method and the realistic absorption of the 
metal at infrared Wavelengths used. TMM calculations can 
also incorporate frequency dependent real and imaginary 
components of the dielectric function of silicon as Well. 
UtiliZing TMM, the emittance of the emitter/detector ele 
ment 14 as a function of Wavelength is calculated by 
combining the transmission function of the ?lter With the 
emissivity of the IR-source to determine the emission bands 
for the particular surface teXture. 

FIG. 7 shoWs the result of a comparative spectrum of the 
measured and calculated absorption spectra for a dielectric 
array 22 comprising dipole cross dielectric array features 24 
having dimensions of 4.1 pm long, 1.9 pm Wide, With a 1.0 
pm cross-to-cross separation etched into a thick silicon 
substrate. The absorbance spectrum Was measured at room 
temperature by Fourier Transform Infrared Spectroscopy. 
Re?ectance, transmittance and absorbance of the 
3-dimensional multilayer stack Was also calculated using 
TMM simulations on a multi-processor parallel computing 
system, a coarse grid of 5 THZ Was used to evaluate the 
general features With a resolution of 10.5 pm. The dotted 
line depicts the spectroscopic data and the solid line depicts 
the calculated data. A comparison of the measured peak 
location compared to the calculated peak location is shoWn 
in Table 2. 












